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Introduction
The origin of intraplate volcanism -in particular in retroarc foreland regions and far from subduction zones -is controversial (e.g., Foulger, 2010) . This is the case of the Calatrava Volcanic Province in Central Spain (CVP in current literature), which has been included in the so-called Cenozoic Circum-Mediterranean anorogenic igneous province ( Fig. 1 ; Lustrino and Wilson, 2007, and references therein) . On the basis of its geochemical signature, the CVP has been ascribed to an "aborted" rift (López-Ruiz et al., 1993) , implying crustal thinning and associated, shallow-rooted magmatism during the Late Miocene, when the main phase of volcanism occurred (Ancochea et al., 1979) . Nevertheless, a generalized NW−SE-oriented compressive tectonic regime during the Cenozoic, as well as regional physiographic and tectonic analysis, has been argued for a flexural model of the crust and lithosphere being responsible for the foreland setting of the CVP (Vegas and Rincón-Calero, 1996) . More recently, on the basis of evidence for its deep-seated origin (Humphreys et al., 2010) , it has been linked to the existence of a hot finger (or baby-plume) detached from an active megaplume below the Canary and Azores Islands and the western Mediterranean Sea (Stoppa et al., 2012) .
Intraplate volcanism in compressive regimes has been recently suggested to be driven by the compression near collisional/subduction plate boundaries that causes lithospheric folding of the foreland region, resulting in a decrease of the pressure beneath the swell of the antiform while the pressure beneath the synform increases (Shin et al., 2012) . The decompression beneath the lithosphere is likely to lead to basaltic magmatism along and below the swell of the antiform. Lithospheric folding of Iberia due to horizontal loading driven by the Alpine orogeny has been suggested from numerical and analogue modeling (e.g., Cloetingh et al., 2002; Muñoz-Martín et al., 2010; Fernández-Lozano et al., 2012) . The topography of the center and western part of the Iberian Peninsula shows an alternation of E−W-to NE−SWtrending ridges and troughs that are the surface expression of a succession of crustal folds (i.e., succession of longwavelength anticlines and synclines) formed perpendicular to the main axis of present-day intraplate NW−SE-trending compression . La Mancha basin (LMB), where the CVP is located (Fig. 2) , is situated in the central zone of a broad swell (i.e., anticline) flanked by the Toledo Mountains and the Sierra Morena located between the NNE−SSW-trending Guadalquivir and Tagus basins (i.e., syncline). (Lustrino and Wilson, 2007) and the main structures developed in the Alpine orogeny. In order to understand better the aforementioned geodynamic scenarios for the origin of the CVP (i.e., "aborted" rift vs. lithospheric folding), we address here the study of the geometry of the Moho and lithosphere-asthenosphere interfaces in the CVP and its vicinity by means of gravity analysis and 2+1/2D modeling. Gravity models have been constrained by deep seismic soundings (Martínez Poyatos et al., 2012; Simancas et al., 2013 , Ehsan et al., 2014 , 2015 and 3D seismic tomography (Palomeras et al., 2014) , as well as by potential field modeling (Bergamín and Carbó, 1986; Sentre Domingo et al., 2014; García-Lobón et al., 2014; Ehsan et al., 2015) . Finally, we explore the inclusion of the gravity models into the conceptual model of Shin et al. (2012) for the basaltic magmatism occurring in an intraplate, compressive regime.
Tectonic setting
The CVP spreads over an area of ≈5000 km 2 in the form of ≈200 individual centers of emission (Ancochea, 1999) . This volcanic province occupies a roughly NNE-directed basement uplift framed to the south and north by the Sierra Morena and the Toledo Mountains respectively (Fig. 2) . This basement uplift, as a whole, represents a swell between the semi-endorreic La Mancha Basin and the Middle Guadiana Basin. Volcanoes are mostly aligned NW−SE (Ancochea and Brändle, 1982; Cebriá, 1992; Stoppa et al., 2012) and occur over both basement rocks and a thin cover of sediments. The volcanic activity occurred between the Late Miocene and the Early Pleistocene, with two different episodes (Ancochea, 1999) : an ultra-potassic episode between 8.7 and 6.4 Ma and an ultra-alkaline episode between 3.7 and 1.75 Ma.
The basement of the Calatrava region forms part of the Central Iberian Zone (CIZ), a tectonic division of the Variscan Iberian Massif, in particular the subdivision characterized by upright and continuous folds (Díez Balda and Vegas, 1992) . In the CVP and surrounding areas these folds correspond to paired anticlines and synclines (Vegas and Roiz, 1979) , well shown by the Lower Ordovician, erosion-resistant quartzite level, the Armorican Quartzite, which rules the regional physiography of the basement (Fig. 3) . The resulting landscape is characterized by narrow sierras overlying roughly Red-colored zones show the volcanic outcrops in the Calatrava Volcanic Province (Ancochea et al., 2004; Cebriá et al., 2011; Sentre Domingo et al., 2014) . The dashed black lines show the approximate location of the deep seismic profiles: IBERSEIS (Palomeras et al., 2009 ), ALCU-DIA normal incidence (ALCUDIA-NI; Martínez Poyatos et al., 2012; Simancas et al., 2013; Ehsan et al., 2014) and ALCUDIA wide-angle (ALCUDIA-WA; Ehsan et al., 2015) . SC= Sierra de la Calderina. SM= Sierra Madrona. PBF= Prebetic Front. CIZ= Central Iberian Zone. OMZ= Ossa-Morena Zone. The dashed white line shows the approximate location of boundary between the CIZ and the OMZ, known as the Central Unit (CU; Azor et al., 1994) . The rectangle shows the location of figure 3.
flat areas developed in the core of the km-sized folds, which are occasionally filled with epidermal, Neogene to Quaternary alluvial and lacustrine sediments. Sedimentary deposits reach locally a maximum of 550 m of thickness, but thickness is on average between 50 and 150 m increasing eastwards to the LMB (Sánchez Vizcaino, 2008) . Regionally, the folds describe an arc, which modifies the trends of the axial traces from N−S in the east to NW−SE in the west. Moreover, there is an oblique, NW-directed band of more intense deformation characterized by rounded and smaller folds which disturb the main paired folds (Fig. 3 ). This oblique band is attributable to a deep-seated Variscan shear zone, whose right-lateral motion may contribute to compensate shortening in the intrados of the arc, as is documented by local contraction structures in the flanks of the northern folds (Fig. 3) . The CVP seems to concentrate in an area which comprises the Ciudad-Real Anticline, the Corral Syncline as well as the eastern parts of the Abenojar-Argamasilla Anticline and the Almadén-Puertollano Syncline, in close relationship with the oblique Variscan shear zone. The CIZ is bounded to the south by the Badajoz-Cordoba Shear Zone (Burg et al., 1981) , latter redefined as the Central Unit (CU in Fig. 2 ; Azor et al., 1994) , which is a NW−SE-trending 5 km-wide band of high-grade metamorphics with slices of mafic rocks. The Alpine intraplate deformation of the Iberian Massif has been ascribed to crustal-scale buckling processes on the basis of numerical and analogue modeling (Cloetingh et al., 2002; Muñoz-Martín et al., 2010; Fernández-Lozano et al., 2012) . This intraplate deformation has resulted from the N−Sdirected convergence of Africa and Eurasia during EoceneOligocene times and is responsible for the main topographic features in the Variscan basement of the Iberian Peninsula (De Vicente and Vegas, 2009 ). In the central-southern part of the Iberian Massif, these main geomorphic features correspond to two basement uplifts or ridges (Toledo Mountains and Sierra Morena) separated by a zone of relative low relief which is drained by the Guadiana River (Fig. 2) . In this intermediate low-relief area, the regional topography shows a Ancochea et al., 2004; Cebriá et al., 2011; Sentre Domingo et al., 2014) with respect to the Variscan structure (grey areas), as shown by the shape of the Lower Ordovician, erosion-resistant Armorican quartzite level. See location in Figure 2 . Blurred granitic outcrops are shown by a cross pattern. Note the existence of an oblique, NW-directed, band of deformation in the central region of the map containing small and rounded folds, attributable to a right-lateral Variscan shear zone. A= anticline. S= syncline. 1= Ciudad Real Anticline. 2= Corral Syncline, 3 = Argamasilla Anticline. 4= Almadén-Puertollano Syncline. 5= Bullaquejo Anticline. 6= Guadarranque Syncline. 7= Porzuna Syncline. 8= Alcudia Anticline. M= Mora. CR= Ciudad Real. AL= Almagro. VP= Valdepeñas. PL= Puertollano. AM= Almadén. AB= Abenojar. The inset map shows the NW-directed right-lateral Variscan shear zone (orange lines) and the regional arc which modify the trends of the axial fold traces from N−S to the east to NW−SE to the west.
sort of NE-directed basement swell interfering with the E−Wtrending Paleogene uplifts of the Toledo Mountains and the Sierra Morena. This interference of crustal-scale, E−W and NE−SW buckling folds is clearly evidenced by the outstanding heights of Sierra de la Calderina and Sierra Madrona (SC and SM respectively in Fig. 2 ). We assume that this later episode of intraplate deformation has its origin in the NWdirected Africa-Iberia convergence, which started in the Late Miocene and persists until Present-day (Rosenbaum et al., 2002; Muñoz-Martín et al., 2012) . In this context, efficient stress transmission from the Prebetic front (PBF in Fig. 2) , the external fold-and-thrust belt of the Betics, causes attendant buckling of the Variscan basement in the CVP (Vegas and Rincón-Calero, 1996) . In the area of the Iberian Massif corresponding to the CVP, the southern part of the CIZ including the CU, the structure of the crust has been investigated by means of two deep seismic reflection profiles: the ALACUDIA normal-incidence profile (ALCUDIA-NI in Fig. 2 ; Martínez Poyatos et al., 2012; Simancas et al., 2013; Ehsan et al., 2014) and the AL-CUDIA wide-angle profile (ALCUDIA-WA in Fig. 2 ; Ehsan et al., 2015) . The ALCUDIA-NI profile provides a detailed image of the Variscan crustal structures and significant differences between a weakly reflective upper crust and a thick, highly reflective and laminated lower crust. The P-wave velocity model derived from ALCUDIA-WA profile shows an upper-lower crust boundary located at 12 km of depth in the southernmost CIZ that deepens progressively up to 19 km at the Toledo Mountains. This velocity model also shows a progressive northward deepening of the Moho which is located at 31 km of depth in the southernmost CIZ and CU and becomes progressively deeper up to 34 km in the Toledo Mountains. 1D-averaged shear velocity modeling suggests that upper-lower crust boundary is located to 13 km of depth and the lithosphere-asthenosphere boundary (LAB) is located at ≈85 km in the Iberian Massif ( Fig. 4 ; Palomeras et al., 2014) . These authors also refer to a local decrease in the LAB's depth, up to 65 km, in an E-W-trending band southwards of the CVP. The CVP has also been studied from 2D gravity modeling although not constrained by seismic data. Bergamín and Carbó (1986) suggested a lithosphere thinning beneath the CVP giving depths of 80-90 km for the LAB. These latter authors, as well as Sentre Domingo et al. (2014) , proposed the existence of an anomalous density block in the mantle below the CVP with 4-6 km of thickness that was interpreted as a remnant of the volcanic activity.
Data and Methods
In the CVP and its vicinity, there is a dense coverage of gravity data provided by the Instituto Geográfico Nacional (IGN), the Empresa Nacional de Residuos Radioactivos (EN-RESA), the Instituto Geológico y Minero (IGME) and the Universidad Complutense de Madrid (UCM) (Mezcua et al., 1996; Álvarez García, 2002; Ayala, 2013 ; Fig. 5 ). Data reduction includes leveling to the absolute gravity network (IGN), instrumental drift and earth tide corrections. Free air, Bouguer plate and terrain corrections were calculated on the basis of the Geodetic Reference System of 1967 (GRS67) using a reduction density of 2.67 g/cm
3
. The terrain correction was computed up to a radius of 166.7 km from the gravity station using two Digital Elevation Models (DEM): GTOPO30 (https://lta.cr.usgs.gov/GTOPO30) and SRTM90 (http:// www2.jpl.nasa.gov/srtm). GTOPO30 data were used for a regional model gridded to intervals of 4000 m and SRTM90 data for a local model gridded to intervals of 500 m. Complete Bouguer anomaly data were interpolated to a regular grid of 5 km to avoid artifacts yielded by the irregular distribution of data. This grid size is large enough to characterize the wavelengths of the gravity anomalies caused by the deep sources modeled in the present study (>20 km). Spectral analysis is a technique widely used in gravity analysis to design filters that make it possible to obtain regional trends and eliminate short wavelength signals produced by shallow sources. Upward continuation is one of the most effective filtering techniques for potential field maps in the frequency domain (Jacobsen, 1987; Blakely, 1995) . This transformation attenuates anomalies with respect to wavelength; the shorter the wavelength, the greater the attenuation. Therefore, upward continuation tends to accentuate anomalies caused by deep sources at the expense of anomalies caused by shallow sources. Upward continuation does not provide direct information about the causative sources, but allows us to determine the amplitude and the wavelength of the regional gravity anomalies assuming relatively deep causative sources (e. g., Martos et al., 2014) . Because there is no seismic information about the crust in the CVP, we use the upward continuation transformation of the complete Bouguer anomaly to suppress or attenuate the short wavelength anomalies caused by shallower sources located in the crust (c.f., Sentre Domingo et al., 2014) .
In order to aid 2+1/2D gravity modeling, we carried out a 2D-averaged spectral analysis (Spector and Grant, 1970 ) of the complete Bouguer anomaly and the upward continuation at different elevations to estimate the approximate depths of the main interfaces to be modeled and obtain a regional Bouguer anomaly map. Finally, six 2+1/2D gravity models were built using the regional Bouguer anomaly map. These models were extended far enough (>150 km) at both ends of the gravity profiles in order to avoid edge effects. Calculations of the gravity model response are based on the methods of Talwani et al. (1959) and Talwani and Heirtzler (1964) and the algorithms described in Won and Bevis (1987) . The upward continued Bouguer anomaly (i.e., regional Bouguer anomaly) has been shown as appropriate to model the Moho and LAB interfaces characterized by larger wavelengths (Martos et al., 2014) .
Results

Complete Bouguer anomaly map
The complete Bouguer anomaly map at the ground surface in the study zone (Fig. 6A) shows the different gravity signatures of each zone of the Iberian Massif (CU, Central Unit; 
Spectral analysis of the Bouguer anomaly map
From the complete Bouguer anomaly map at the ground surface, we carried out successive filtering by upward continuation calculations to elevations of 10, 20, 30 and 40 km (Figs. 7A-D). All upward continued maps show the regional NW−SE-trending gradient also observed in the complete Bouguer anomaly map (c.f., Fig. 6A ). The higher the elevations of the upward continuation, the more attenuated are the local gradients and the relative maxima and minima associated to shallower causative bodies. Visual analysis of the regional Bouguer anomaly maps allows us to observe that in the upward continued map to 10 km there are still shorter wavelengths caused by shallower sources (Fig. 7A ), but this attenuation is almost complete in the upward continued map to 20 km (Fig. 7B ). Successive upward continuations over 20 km do not show significant differences because the shallower source effects have been completely removed (Figs. 7C and D) . It should be noted that the relative minimum zone in the CVP is slightly attenuated in the upward continued map to 10 km and is still identifiable to 20 km, but it disappears with upward continuation transformations to higher elevations.
2D-averaged power spectrum
With a view to contributing to the identification and characterization of the anomaly wavelengths associated with the main sources modeled in the present study (i.e., Moho and LAB), we calculated the 2D-averaged power spectrum of the complete Bouguer anomaly and of the upward continuations to different elevations (Fig. 8) . The spectrum of the complete Bouguer anomaly and upward continuations to 10 and 20 km show the existence of significant signal concentrated in wavelengths of 48, 64, and 150 km. The spectrum of the complete Bouguer anomaly also shows the existence of signal concentrated in wavelengths of 24 and 32 km (inset in Fig. 8 ). The upward continuation to 10 km still shows a small signal concentrated in wavelengths of 32 km that is almost unidentifiable in the spectrums of the upward continuations to higher elevations. The spectrums of the upward continuation to elevations higher than 20 km do not show the existence of distinct dominant wavelengths below 100 km.
In order to avoid modeling signals with shorter wavelengths present in the complete Bouguer anomaly and in the upward continuation to 10 km, we use the upward continuation to 20 km as the regional Bouguer anomaly grid to perform the 2+1/2D gravity modeling of the lithospheric structure. Since the results of the 2D-averaged spectrum depend on several variables (e.g., 2D anisotropy of the waveform, sampling rate and grid interval), we should interpret these wavelength values in a generic way to infer the depths of the main interfaces to be modeled (Spector and Grant, 1970; Martos et al., 2014) . Thus, wavelengths below 80 km should correspond with density variations in intra-crustal interfaces and the Moho (located at an average depth of 32-33 km, Ehsan et al., 2015) , CIZ, Central Iberian Zone) and the surrounding areas such as the Betic Front (BF), the Spanish Central System (SCS), La Mancha Basin (LMB), the Iberian Chain (IC) and the Tagus Basin (TB). While the high density igneous areas are characterized by maxima, low density sedimentary areas reveal minima. This map shows a regional NW−SE-trending gradient from the region of the CU to the region of the IC and TB (Fig. 6A) . Absolute minimum values are ≈-126 mGal in the TB and the IC, intermediate values are between -60 to -20 mGal in the CIZ, and there are absolute maximum values of 25 mGal in the CU. This regional gradient has been interpreted as indicative of an increase of the crustal thickness to the north as suggests the P-wave velocity model (Ehsan et al., 2015) . Main structural boundaries are marked by local highly-continuous gradients (black dashed lines in Fig. 6A ): boundary between the SCS and the TB, boundary between the IC and the BF and boundaries between the Pedroches batholith (PB) and the CU and CIZ. Note the curved gradient in map-view (white dashed line in Fig. 6A ) roughly marking the boundary between the outcrops of the CIZ with higher density values relative to the lower density values where the outcrops of the sedimentary rocks (e.g., BF, TB and LMB) and acidic plutonic rocks are dominant (e.g., SCS).
The CVP is located in the eastern region of the Iberian Massif, with intermediate values between -60 and -40 mGal (Figs. 6A and B). These intermediate values mark a relative minimum zone in the CIZ surrounded by a continuous gradient (sinuous white dashed lines in Fig. 6B ). This gradient marks the boundary between the zones where the outcrops of the igneous and metamorphic rocks are dominant, forming the reliefs of Sierra de la Calderina and Sierra Madrona, and the zones where the thin sedimentary deposits of the LMB partially bury the Variscan basement rocks. The difference between this relative minimum zone and the relative maxima zones bordering the CVP reaches ≈ 16 mGal (Profile 1-1' in Fig. 6B ). In the relative minimum zone, there are several isolated minimums (M1 through M5 in Fig. 6B ) with values between -55 and -65 mGal that could be associated with localized depocenters of the sedimentary materials (Sánchez Vizcaino, 2008) or more probably hidden acidic plutonic domes (García-Lobón et al., 2014) . The minimum M5 corresponds to the outcrop of granitic rocks eastward of Valdepeñas (VP in Fig. 3 ). The volcanic centers are concentrated in an elongated NNW−SSEtrending threshold between these isolated minima (white line with arrowed ends in Fig. 6B ). Petrophysical data showed that the volcanic rocks of the CVP are the densest rocks in the region with an average density of 2.96 g/cm 3 (García- Lobón et al., 2014) . Although volcanic rocks show a large outcrop zone in map-view, they probably represent a small volume because there are no distinguishable relative maxima in the complete Bouguer anomaly map related to the main volcanic outcrops. However, these higher densities of the volcanic rocks could contribute in part to the existence of this NNW−SSE-trending threshold of relative maxima because there is a spatial coincidence (profile 2-2' in Fig. 6B ).
2+1/2D gravity modeling
We have selected six profiles from the upward continued complete Bouguer anomaly grid to 20 km (hereafter regional Bouguer anomaly) in order to carry out 2+1/2D gravity modand wavelengths above 100-120 km should correspond to causative sources located in the lithospheric mantle or in the LAB. This LAB has an average depth of 85 km in this area of the Iberian Massif in agreement with the Rayleigh wave tomography (Palomeras et al., 2014) . Figure 6A . White dashed lines outline the gradient between the CIZ outcrops (Sierra de la Calderina and Sierra Madrona) and the La Mancha basin (LMB) where the CVP is located. Black-filled zones show the volcanic outcrops. M1, M2, M3, M4 y M5 show the relative isolated minimum described in Section 4.1. Double-arrowed white solid line shows the NNW−SSEtrending threshold (relative maximum) described in Section 4.1. The inset shows two profiles of complete Bouguer anomaly crossing the CVP (see location in the map). The profile 1-1' shows the relative minimum at the CVP (red line) flanked by the relative maxima in the Sierra de la Calderina and the Sierra Madrona. The profile 2-2' shows the cross-section through the NNW−SSE-trending threshold (relative maximum) at the CVP related to the volcanic outcrops (red line) eling (Fig. 7B) . The location and orientation of the profiles are determined in order to cross the main regional anomaly gradients and the location of the volcanic outcrops. The first model is located along the ALCUDIA-WA seismic transect (Ehsan et al., 2015; Fig. 9) and is used as a template to model the geometry of the crust down to Moho. The seismic data allow us to constrain the depth and lateral geometry of the Moho and the intra-crustal layers. According to the reflectivity patterns of the ALCUDIA-NI seismic transect (Martínez Poyatos et al., 2012) the crust was differentiated in upper, middle and lower layers, being mostly middle and lower crusts. According to the vertical velocity gradients of the ALCUDIA-WA seismic transect (Ehsan et al., 2015) , the crust was only differentiated in an upper and lower layers. The two-crustal layer model is coherent with the 1D-averaged shear velocity modeling for the Iberian Massif ( Fig. 4A ; Palomeras et al., 2014) . The crust along the ALCUDIA-NI and WA seismic transects has been previously modeled from complete Bouguer anomaly data (García-Lobón et al., 2014; Ehsan et al., 2015) . Gravity models show the crust divided into three density layers or blocks: upper, middle and lower, being mostly middle and lower crusts. In the present study, to keep the coherency with previous gravity models, we reproduce the modeling using the same three crustal blocks (upper, middle and lower crustal layers) but from the signal of the regional Bouguer anomaly grid (i.e., the upward continued complete Bouguer anomaly grid to 20 km). Averaged velocities and depths from seismic data models can be seen in Table  1 ( Palomeras et al., 2014; Ehsan et al., 2015) . Densities used for the gravity modeling of the crust have been inferred from the density-velocity semi-empirical relationships (Barton, 1986; Christensen and Mooney, 1995; Brocher, 2005 ; Table  1 and legend in Fig. 9 ) similar to those used by other authors in nearby areas (Palomeras et al., 2011 ; García-Lobón et al., 2D shear velocity model inferred from seismic tomography shows that the LAB is located on average at a depth of ≈85 km northward of the CVP (Fig. 4B ). Beneath and southward of the CVP, the LAB becomes shallower to a depth of ≈65 km at the boundary between the Iberian Massif and the Betic Front (grey-shaded zone in Fig. 7B ). Averaging the Vs values from the 1D-averaged shear velocity model (Vs=4.36 km/s for the lithospheric mantle and Vs=4.33 km/s for the asthenosphere) and using the Vs-Vp and density-Vp semi-empirical relationships (Barton, 1986; Christensen and Mooney, 1995; Brocher, 2005) , we have assigned an average density of 3.33 g/cm 3 for the lithospheric mantle and 3.3 g/cm 3 for the asthenosphere ( Table 1 ). Note that we used constant density values for the different crustal blocks because the ALCUDIA-WA seismic transect does not shows lateral velocity changes in the crust in our study zone (Ehsan et al., 2015) , and also because 1D-averaged shear velocity modeling does not provide enough detail to constrain any lateral changes of density in the lithospheric mantle and in the asthenosphere (Palomeras et al., 2014) .
ALCUDIA Gravity Model
The NE−SW-trending ALCUDIA Model is located to the west of the CVP and crosses transversally the NW−SE-to WNW−ESE-trending structures of the CIZ formed in the Variscan orogeny ( Fig. 7B ; Simancas et al., 2013) . The southern termination of this model reaches the boundary between the CIZ and the Ossa Morena Zone(OMZ) located along the NW−SE-trending Badajoz-Cordoba Shear Zone (Burg et al., 1981) , later redefined as the Central Unit (CU in Fig. 2 ; Azor et al., 1994) . The filtered observed Bouguer anomaly profile shows a regional gradient with an absolute maximum of -16 mGal at the southwestern end in the CU and an absolute min-2014; Ehsan et al., 2015) . In order to estimate the density of the lithospheric mantle and the asthenosphere, we used 1D-averaged shear velocity modeling for the Iberian Massif and for the CVP that is representative to a depth of 250 km ( Fig.  4A ; Palomeras et al., 2014) . This model is similar at crustal levels for the Iberian Massif and the CVP, showing two sharp gradients at 13 km and 32 km of depth corresponding with the base of the upper crust and the Moho respectively. From 40 to 150 km of depth, the 1D-averaged shear velocity models for the Iberian Massif and CVP diverge and show gradual Vs variations, though Vs is always higher in the Iberian Massif. Analyzing statically the Vs gradient inversion beneath the Moho, Palomeras et al. (2014) suggested that the LAB is located on average at a depth of ≈85 km in the Iberian Massif and at a depth of ≈65 km in the CVP (Fig. 4A) . The in the Sierra de la Calderina. The depth of the upper-middle crustal interface varies uniformly from 12 km in the OMZ to 19 km in the Toledo Mountains. The depth of the middlelower crustal interface varies from 19-21 km in the SW and NE terminations (i.e., in the CU-Pedroches batholith and Toledo Mountains respectively) to 17-18 km in the center of the model (i.e., in the CIZ and Sierra de la Calderina). The local smoothing of the gradient over the Pedroches batholith can be adjusted varying locally the geometry of the middlelower crust interface in agreement with the P-wave velocity model (Ehsan et al., 2015 ; Table 1 ). In order to test the sensitivity of the gravity modeling and to quantify the effect of the lithospheric thinning beneath the CU and the Pedroches batholith (thinned lithosphere in the bottom diagram of Fig.  9 ), we have modified the adjusted model building a horizontal LAB at 85 km of depth beneath the CU and the Pedroches batholith (horizontal LAB in the bottom diagram of Fig. 9 ). The gravity response is a progressive mass excess starting from the northern CIZ to the CU, where the misfit related to the observed data reaches a maximum amplitude of ≈5 mGal (black dashed line in the top diagram of Fig. 9 ). This mass eximum of -57 mGal at the northeastern end in the acidic rocks of the Toledo Mountains (top diagram in Fig. 9 ). The regional gradient shows a local smoothing over the Pedroches batholith, which is a NW−SE-trending formation of acidic plutonic rocks (e.g., García-Lobón et al., 2014) . Northeastward, the gradient is uniform through the CIZ and becomes slightly steeper in the Sierra de la Calderina and Toledo Mountains. The calculated model shows a Moho dipping uniformly ≈1º to the north (Fig. 9) . The calculated depth of the Moho is 31 km in the southwestern end (i.e., CU) and 34 km in the in the northeastern end (i.e., Toledo Mountains) in agreement with P-wave velocity model (Ehsan et al., 2015) . The calculated LAB is located at a depth of 85 km with a horizontal geometry except at the southwestern end in the Pedroches batholith and in the CU, which progressively rises up to ≈80 km of depth in agreement with the lithospheric thinning proposed from the 1D-averaged shear velocity modeling (bottom diagram in Fig. 9 ; Palomeras et al., 2014) . The regional gradient is adjusted by means of: a smooth and uniform deepening of the upper-middle crustal interface and the Moho, and a thickening of the lower crust in the CIZ and 
Gravity Models in the Calatrava Volcanic Province
We have constructed five gravity models in the CVP and its vicinity (Fig. 10 and Apps. A and B). The models have distinct orientations (Fig. 7B) in order to test possible lateral changes in the lithospheric structure and considering the distinct orientations of the NW−SE-to WNW−ESE-trending Variscan and NE−SW-trending Alpine structures (e.g., De Vicente et al., 2008; Simancas et al., 2013) . All models are built using the ALCUDIA Model as the template for the crustal structure (Fig. 9) and the intersections among different models have been used to homogenize the structure of the modeled blocks (vertical lines in Figs. 9 and 10 ).
cess is yielded by the replacement beneath the southwestern end of the model of a relatively low-density asthenospheric mantle with a high-density lithospheric mantle. The slight steepening in the calculated regional gradient yielded by the horizontal LAB could be compensated changing slightly the geometry of the crustal interfaces between the depth ranges inferred from the seismic data (Ehsan et al., 2015) . Our gravity modeling, therefore, does not show enough sensitivity to test the existence of the lithospheric thinning (±10 km) in the CU-Pedroches batholith suggested from 1D-averaged shear velocity modeling (Palomeras et al., 2014) . However, because of the lack of other constraints, we adopted this geometry for the LAB to adjust the gravity models in the CVP. , yielding similar gravity responses. The geometry, position and anomalous density of this block yield enough mass deficit related to the surrounding lithospheric mantle material to adjust the model in the CVP (black solid line in Fig. 10 ). Integrating the information from Models 1 through 5, we observe that this block disappears away from the CVP because it is strongly dependent on the existence of the relative minimum zone centered in the CVP (Fig. 6B) . The limited extension of this block to the CVP is well observed in Model 3 (Fig. 10C) , which allows us to observe that the block does not continue eastward to the La Mancha Basin. 2+1/2D gravity modeling made it possible to laterally truncate the sub-crustal anomalous block in agreement with the extension observed in Models 1 through 5 (top diagrams in Fig. 10) . Then, integrating the information of Models 1 through 5, we have determined in an approximate way the extension of the sub-crustal anomalous density block (white encircled zone in Fig. 7B ). This block shows an elliptical shape in map-view with a WSW-ENE-trending semi-major axis reaching 110 km of length and a NNW−SSE-trending semi-minor axis with 65 km of length (Fig. 11) . The average thickness is between 2 and 3 km, with a local maximum of 3.4 km in the eastern zone. In general, the location of the volcanic outcrops coincides with the center of the block but there is a higher concentration of volcanic outcrops in the eastern zone where the block is lightly thicker.
Discussion
Insights from gravity modeling
Gravity modeling always provides a non-unique solution, but it is a useful tool to reject a model if it is totally unable to fit the data (e.g., Blakely, 1995) . For instance, that is the case if we try to build a gravity model throughout the CVP without including a sub-crustal anomalous density block beneath the volcanic outcrops. We have built a series of adjusted models that are reasonable and realistic from a geological and physical viewpoint (Fig. 12A ), but it is necessary to explore alternative hypotheses and geodynamic scenarios (Figs. 12B and C) . For that, we have used the geometry of the density blocks of the adjusted models in those zones better constrained with seismic data and have varied the geometry of the rest to analyze the distinct gravity responses.
Sub-crustal anomalous block
Our models in the CVP show a good fit with a crust having an almost constant thickness with the Moho located between 31 and 34 km of depth in agreement with seismic data (Ehsan et al., 2015) . If there is any flexural geometry in the Moho, it must be very smooth and with a wavelength exceeding 200 km, because it cannot be properly detected with either seismic or gravity modeling. On the other hand, it would also be possible to adjust the NW−SE-trending models (2, 4 and 5) in
The NE−SW-trending Model 1 is sub-parallel to the AL-CUDIA Model, but crosses the center of the CVP (Fig. 7B) . The observed filtered Bouguer anomaly profile shows a regional gradient similar to the ALCUDIA Model, with an absolute maximum of -23 mGal localized over the CU and an absolute minimum of -68 mGal localized in the acidic rocks of the Toledo Mountains (middle diagram in Fig. 10A ). There is a local smoothing of the observed gradient in the Pedroches batholith and a local relative minimum zone in the CVP. This relative minimum zone does not exist in the ALCUDIA Model (Fig. 9) , and has a wavelength of ≈100 km and maximum amplitude of ≈5 mGal relative to the trend of the observed regional gradient. The NW−SE-trending Models 2, 4 and 5 are parallel to each other and cross the CVP in the central, eastern and western zones respectively ( Fig. 10B ; Apps. A and B). Observed filtered anomaly profiles cross transversally the regional gradient that roughly separates the igneous outcrops of the CIZ from the thin sediment deposits of La Mancha Basin where the CVP is located (Fig. 6B ). These anomaly profiles show an M-shaped waveform characterized by two regional minima in the ends flanking a broad zone of maxima that in turn has a local relative minimum in the center (i.e., a succession of minima and maxima). The absolute minima are located at the northwestern end in the Toledo Mountains, with values on average of ≈-55 mGal, and vary at the southeastern end from ≈-55 mGal in the Betic Front (App. A) to ≈-35 mGal in the Pedroches batholith (App. B). The local relative minimum centered in the CVP has a wavelength of ≈90 km and a maximum amplitude of ≈4 mGal relative to the flanking maxima located in the Sierra Madrona and the Sierra de la Calderina. The WSW−ENE-trending Model 3 crosses the center of the CVP and extends eastward over the La Mancha Basin (Fig. 10C) . The observed anomaly profile shows a regional gradient with an absolute maximum of -23 mGal localized in the CIZ and an absolute minimum of -60 mGal localized in the La Mancha Basin. There is a relative minimum zone in the CVP with a wavelength of ≈150 km and maximum amplitude of ≈5 mGal relative to the trend of the regional gradient.
As in the case of the ALCUDIA Model, we built Models 1 through 5 with a smooth northward dipping geometry of the Moho having depths of 31 km in the southern end and 34 km in the northern end. The LAB has a horizontal geometry at 85 km of depth, with a progressive lithosphere thinning up to ≈70 km beneath the BF and CU ( Fig. 10B; Apps. A and B) . However, in contrast to the ALCUDIA Model (Fig. 9) , Models 1 through 5 show a mass excess localized over the relative minimum zone in the CVP (green line in Fig. 10) . To adjust the models in the relative minimum zone centered in the CVP, it is necessary to add a low-density or anomalous density block with tabular geometry located at the base of the lower crust beneath the CVP (sub-crustal anomalous block in Fig.  10 ). This new block has intermediate densities between the 2.95 g/cm 3 of the lower crust and the 3.33 g/cm 3 of the lithospheric mantle. We have assigned a density of 3.1 g/cm 3 for this The local decrease of the pressure beneath the lithosphere in the CVP because of the lithospheric folding (undetectable from our gravity modeling) is likely to bring on basaltic magmatism along and below the swell in the Calatrava region (c.f., Shin et al., 2012) . B) Aborted rifting hypothesis (Cebriá, 1992; López-Ruiz et al., 1993) . Lithosphere (crust + lithospheric mantle) thinning beneath the CVP. The horizontal stretching of the lithosphere yields subsidence in the upper crust with the formation of a thick continental rift basin, and magmatic underplating into the lower crust. There is magmatic underplating into the "void" space generated into the lower crust. C) Baby-plume hypothesis (Humphreys et al., 2010) . Lithosphere thinning beneath the CVP, but no crustal thinning. The volcanism is yielded by a hot finger detached from an active megaplume below the Canary and Azores Islands and the western Mediterranean Sea (Stoppa et al., 2011) . There is magmatic underplating beneath the lower crust.
the crust. Since the ascending basaltic magmas from the LAB have a higher density than the crust, a significant part of the magma would have been underplated beneath the crust, and only a small portion of it intruded up to the shallow crust or erupted forming the CVP.
Rifting hypothesis
The intraplate volcanism that occurred in the CVP was explained adopting a model of an aborted rift yielded by a WSW-ESE-oriented extension (e.g., Cebriá, 1992; López-Ruiz et al., 1993) . The horizontal stretching of the lithosphere is necessarily accompanied by a thinning of the lithospheric mantle and the crust ( Fig. 12B; e.g., Davis and Kusznir, 2004 and references therein). The thinning of the lithospheric mantle yields a "void" space at the bottom of the lithosphere to be occupied by relatively low-density asthenospheric material (i.e., asthenospheric upwelling). The thinning of the crust yields a "void" space at the bottom of the crust to be occupied by relatively high-density mantelic material and at the top of the crust to be occupied by a structurally-controlled sedimentary basin (i.e., continental rift basin). To test this geodynamic scenario, we built a gravity model with a lithospheric mantle thinning of 20 km (i.e., from 85 km up to 65 km of depth) beneath the CVP in agreement with the maximum thinning suggested by 3D seismic tomography data for the region (c.f., Palomeras et al., 2014) (dashed black line in the bottom diagram of Fig. 10 ). To simulate the mantelic material occupying the "void" space generated in the bottom of the lower crust (2.95 g / cm 3 ), we have used the symmetric geometry of the same sub-crustal anomalous density block (3.1 g / cm 3 ), but built intruded into the bottom of the lower crust (orange block in the bottom diagram of Fig. 10 ). In agreement with the structural and shallow geophysical observations, we do not model a thick sedimentary basin because the sedimentary cover of the La Mancha Basin in the CVP is only epidermal, on average between 50 and 150 m in thickness (Sánchez Vizcaino, 2008) . The gravity response is a generalized mass excess with maximum amplitude of ≈8-10 mGal in the CVP relative to the observed regional Bouguer anomaly (orange line in the middle diagram of Fig. 10 ). The mass excess is only produced by a high-density block in the lower crust, because on the contrary, the lithospheric thinning tends to yield mass deficit. Although the lithospheric mantle thinning generates a regional mass deficit, it does not compensate the local mass excess yielded by the existence of relatively high-density mantelic material intruded into the base of the lower crust beneath the CVP. Our gravity modeling therefore suggests the inexistence of a thinned lower crust in the CVP independently of the existence of a significant lithospheric thinning.
Baby-plume hypothesis
An alternative hypothesis to explain the intraplate volcanism that occurred in the CVP could be to adopt the existence of a small plume beneath the CVP (Humphreys et al., 2010;  a similar way by building a very smooth ENE-WSW-oriented crustal antiform (with a hinge zone centered on the CVP), though we have no constraints in this case. Independently of an almost flat or very gently-folded Moho geometry, all models need the existence of a sub-crustal anomalous lowdensity block with tabular-like geometry beneath the CVP. This block allows a good fit of the relative minimum zone of the regional Bouguer anomaly located in the CVP with a wavelength of ≈100 km. If we use the same geometry of the adjusted model, but replace this block (3.10 g / cm 3 ) with lithospheric mantle (3.33 g / cm 3 ), the gravimetric response is a mass excess in relation to the observed data localized over the relative minimum centered in the CVP (green solid line in Figs. 10A-C) . The presence of the lithospheric mantle just below the lower crust generates a misfit with a wavelength of 140-150 km and maximum amplitude of ≈4-6 mGal relative to the observed data (Figs. 10A-C) .
The localization of this anomalous block at sub-crustal depths can also be approached in an approximate way from the analysis of the regional Bouguer anomaly maps since its existence is associated with the relative minimum zone in the CVP. Upward continued Bouguer anomaly maps to 10 and 20 km still show the relative minimum zone in the CVP that is fitted in the gravity models by the addition of the sub-crustal anomalous block (Figs. 7A and B) . However, this relative minimum zone is not observable in upward continued Bouguer anomaly maps over 20 km (Figs. 7C and D) , because the short wavelengths (<100 km) are removed by the upward continuation. This fact suggests that the causative sources of the relative minimum zone should be relatively deep, because the signal is still observed in the continued Bouguer anomaly map to 20 km. This map has significant signal concentrated in wavelengths of 48 and 64 km that could correspond with the lower crust and Moho depths (Fig. 8) . On the other hand, such causative sources cannot be associated with the LAB because to modify this interface located at depths between 65 and 85 km yields a gravity response changing the regional gradient over wavelengths longer than 100 km (Figs. 9 and 10). Thus, the conjunction of these inferences suggests that the causative source of the relative minimum zone in the CVP should be located at least at Moho or sub-crustal depths, but much shallower than LAB depths.
Previous gravity modeling in the CVP, not constrained with seismic data, already suggested the existence of an anomalous density block in the upper mantle below the CVP with 6 km of maximum thickness (Bergamín and Carbó, 1986) or of 3 km of maximum thickness (Sentre Domingo et al., 2014) . Our gravity modeling corroborates the existence of such a sub-crustal body beneath the CVP with a maximum thickness of 3.4 km in agreement with previous modeling. With the integration of the information of Models 1 through 5 constrained with seismic data, we have improved the location and an extension sub-crustal block related to the volcanic outcrops (Fig. 11) . We interpret this anomalous body as a result of the underplating of the magmatic materials beneath addition, geological and geophysical data (Sánchez Vizcaino, 2008) preclude the existence of a Late Miocene sedimentary basin that would infill the "void" space yielded by the lithospheric stretching in the upper crust. Only epidermal, fluvial and lacustrine sediments, on average between 50 and 150 m in thickness increasing eastwards to the LMB (locally 550 m), cover the eroded cores of the km-scale Variscan folds which rule the Appalachian-type relief in central Spain.
Although the baby-plume hypothesis cannot be refuted, we suggest a more feasible alternative hypothesis for the origin of the volcanism of the rather small-sized, intraplate CVP compatible with the gravity models presented here. This hypothesis is mainly based on the coincidence in time of the CVP and the subduction-related Miocene volcanism in the south-eastern part of the Iberian Peninsula (Fig. 1) . The subduction started in the Late Miocene in the SE of the Iberian Peninsula (Duggen et al., 2004 (Duggen et al., , 2005 , and then migrated westward (Faccenna et al., 2004 and references therein) . This time linkage implies necessarily that the volcanism of the CVP occurred inside a NW-directed, generalized compressive regime which resulted in the stress transmission from the foreland fold-and-thrust belt of the External Betics, the external zone of the Betic Orogen in southern Spain (Fig.  13) . In this context, the subduction-related volcanism of the south-eastern part of the Iberian Peninsula (2 in Fig.1 and SESVP in Fig. 13 ) is physically, but not geochemically linked to the specific intraplate volcanism of the CVP located in the Iberian foreland (CVP in Fig. 13 ). This linkage could be ascribed to the conceptual model recently proposed by Shin et al. (2012) for the generation of basaltic magma at the backarc regions without extension. In our case study, this hypothesis has the following elements ( Fig. 13): -The Late Miocene tectonic setting when the volcanism occurred in the CVP consists of a NW-directed subduction of the intermediate Alboran Terrane under the south Iberian margin, yielding the magmatism in the SE of the Iberian Peninsula (Duggen et al., 2004 (Duggen et al., , 2005 SESVP in Fig. 13 ).
-This subduction also yielded a NW-directed transmission of compressive stresses in the upper plate and the formation of the External Betics (fold-and-thrust belt).
-The NW-transmitted compressive deformation yielded a gentle folding of the Iberian lithosphere with the formation of a swell in the Calatrava region which interferes with two roughly E−W-directed crustal folds, the Toledo Mountains and Sierra Morena ranges created in the Eocene-Oligocene (De Vicente and Vegas, 2009 ). In addition, as a secondary force, the vertical load of the thickened crust generated by the fold-and-thrust belt developed in the External Betics may also have contributed to generate folding in the thrusted lithosphere (Iberian Massif).
-The formation of the lithospheric folding in the Calatrava region results in a decrease of the pressure beneath the swell of the antiform that is likely to bring on basaltic magmatism along and below the swell. Shin et al. (2012) suggested that 1 km of amplitude in the folding in the LAB could yield Fig. 12C ). This mechanism was used to explain other smallvolume intraplate volcanism in the European Cenozoic Volcanic Province in central Europe (c.f., baby-plume, hot finger, finger plume; Lustrino and Carminati, 2007) . This hypothesis consists of an asthenospheric upwelling that yields a lithospheric mantle thinning beneath the CVP. However, in contrast to the rifting hypothesis here there is no crustal thinning. We simulate this scenario from the adjusted model building a lithospheric mantle thinning up to 20 km (i.e., from 85 km up to 65 km of depth) beneath the CVP in agreement with the maximum thinning suggested by 3D seismic tomography data for the region (c.f., Palomeras et al., 2014) (dashed black line in the bottom diagram of Fig. 10 ). The denser lithospheric mantle is replaced by the lighter asthenosphere yielding a mass deficit relative to the observed data with maximum amplitude of ≈4 mGal in the CVP (blue solid line in Fig. 10 ). The mass deficit extends to the Sierra de la Calderina and there is mass excess in the areas of the CU and the BF where the LAB geometry has changed from the adjusted model. The sub-crustal anomalous density block beneath the CVP yields a mass deficit with a wavelength of ≈100 km that is summed to the mass deficit of the thinned lithospheric mantle with wavelengths of >150 km. Thus, these two contributions to the mass deficit have different wavelengths controlled by the depth and density contrast of the causative sources. If we replace the sub-crustal anomalous block by lithospheric mantle, there is still a mass deficit with a wavelength of >150 km but with a maximum amplitude of ≈2-4 mGal in the CVP. Then, replacing the sub-crustal anomalous block does not compensate the mass deficit yielded by the thinned lithospheric mantle beneath the CVP. These observations suggest the inexistence of a significant lithospheric mantle thinning beneath the CVP since it yields a regional mass deficit that is not observed in the regional Bouguer anomaly. If there is a lithospheric thinning beneath the CVP, it should be small, below ≈10 km, and therefore outside the sensitivity of the gravity modeling. This observation is in agreement with the slope of the lithospheric folds in the continental crust of Iberia, which are very gentle: 1 -2 km of amplitude for wavelength of about 250 km (Muñoz-Martín et al., 2010) . Such variations in the depth of the LAB are outside the sensitivity of our gravity modeling. However, we can reject the existence of a lithosphere thinning beneath the CVP larger than 10 km, as was suggested by Bergamín and Carbó (1986) .
Geodynamic implications
The gravity models presented here show a crust with a very small northward thickening (between 31 and 34 km) that does not support the rifting model adopted for this intraplate volcanic province in previous papers (e.g., Cebriá, 1992; López-Ruiz et al., 1993) . This fact is in agreement with structural studies showing that since the Variscan, the Iberian crust in the CVP has remained unstretched with regard to the neighboring areas of Central Spain (Vegas and Rincón-Calero, 1996) . In the surface, but extending over a wide region. The activity of this mechanism ended when an oblique slab break occurred and simultaneously the subduction migrated westwards (e.g., Faccenna et al., 2004 and references therein) , in the western Betics where a clear strain partitioning can be observed (e.g., Pérez-Varela et al., 2014 and references therein).
Conclusions
Gravity models do not support the rifting model adopted for the intraplate volcanism that occurred in the CVP because the crust shows an almost constant thickness with a very small northward thickening. This fact is in agreement with structural and geophysical studies showing that since the Variscan the Iberian crust in the CVP has remained unstretched with regard to the neighboring areas of Central Spain.
Gravity modeling suggests the existence of a sub-crustal anomalous low-density block beneath the CVP. This block could be underplated magmatic material stocked at the base of the crust suggesting that only a minor part of it intruded up into the upper crust and erupted, though it extended over a wide region.
With regard to the plume-related, non lithospheric origin invoked for the volcanism (i.e., baby-plume hypothesis), it must be stressed that our gravity modeling is insensitive to changes in the depth of the LAB below ≈10 km at the vertical of the CVP. If a baby-plume exists beneath the CVP, it would be linked to a small lithosphere thinning undetectable from gravity modeling. enough decompression to generate magmatism, but they remark that the uplifting rate during the lithospheric folding is more relevant. When the lithospheric folds are very gentle, the uplift rate is very fast, even for the case of very small horizontal convergence rates as between Africa and Iberia, and the decompression is more effective.
-In addition to the local decompression, if there is a preexisting high upper mantle temperature in the CVP region, the generation of magmatism would be indeed more effective. Currie and Hyndman (2006) documented evidence that high upper mantle temperatures are not restricted to the collisional/subduction boundary but usually extend for several hundred kilometers in the retroarc foreland region, even in areas that have not undergone extension.
In addition to the aforementioned tectonic features, we consider that the occurrence of the localized volcanism in the CVP, with the volcanoes mostly aligned NW−SE, is also determined by the existence of the Variscan right-lateral shear band (Fig. 3) , which yields a weakened crust that facilitates the ascent of the magmatic materials.
We therefore suggest that these features (Variscan right-lateral shear and gentle uparching of the Iberian lithosphere) explain better the magmatism in the CVP than previous hypotheses which are based on the stretching of the lithosphere. The combination of these features could be enough to produce localized magmatism which for the most part was stocked at the base of the crust in the form of an underplated body, as is supported by the gravity modeling (i.e., sub-crustal anomalous density block); thereafter only a minor part of it reached 
